Three-dimensional (3-D) integration is an emerging candidate for implementing high performance multifunctional systems-on-chip. Employing an efficient medium for data communication among different planes is a key factor in achieving a high performance 3-D system. Through Silicon Vias (TSVs) provide high bandwidth, high density inter-plane links while facilitating the flow of heat in 3-D circuits. This paper provides an overview of the diverse applications of TSVs within 3-D circuits and surveys the manufacturing and design challenges relating to these interconnects. Inter-plane communication through AC-coupled on-chip inductors is also discussed as an alternative to TSVs. Although there have been several efforts that model the electrical characteristics of these inter-plane communication schemes, the effect that heat can have on the performance of the inter-plane link implemented with either means has not sufficiently been investigated. Consequently, some insight on the effects of thermal gradients on the performance of these links is offered. Results indicate that the electrical performance of TSV is not susceptible to temperature variations. Signal integrity can, however, be degraded in the case of pronounced thermal gradients in contactless 3-D ICs, as demonstrated by a decay of the S-parameters for the investigated inductive links.
INTRODUCTION
Three-dimensional (3-D) or vertical integration is a design and packaging paradigm that can mitigate many of the increasing challenges related to the design of modern integrated systems. 1 3-D circuits have recently been at the spotlight, since these circuits provide a potent approach to enhance the performance and integrate diverse functions within a multi-plane stack.
There are different inter-plane communication schemes for 3-D integration. The contactless 3-D ICs are formed by bonding, typically, bare dice with a diversity of methods. 2 In these circuits, communication among circuits in different planes is achieved through AC-coupling which uses the transitions of a digital signal as the useful part of information and discards the DC component. Specialized links transfer data among the planes either capacitively 3 or inductively. 4 Capacitively coupled links use a single metal layer in each plane to form a capacitor, whereas in inductive links spiral inductors (which can require several metal layers) are utilized. Inductive links are a promising candidate for inter-plane wireless communication due to the better performance for larger communication distances as compared to capacitive links. Contactless links are employed to transfer the AC signal among the planes. The power of the transferred signal can be adapted by different circuit parameters, such as the number and the width of the inductor turns. 4 Contactless links are implemented with standard CMOS processes, which reduce the manufacturing complexity as compared to wired vertical links.
Alternatively, inter-plane communication can be provided by galvanic connections, which are vertically formed through the planes of the 3-D stack widely known as through silicon-vias (TSVs). Specific 3-D manufacturing processes also support extremely short vertical interconnections, similar to common metal contacts, producing multiple device layers. 5 These processes known as monolithic 3-D integration are not discussed in this paper, since presently these techniques are less mature than multi-plane stacked systems with TSVs.
This work consequently emphasizes the TSVs, which are employed by the majority of the 3-D fabrication processes. Through-silicon-vias are tens of micrometers long and are fabricated with aspect ratios up to 1:10, where a 1:6 ratio is typically used. 6 TSVs produce the highest interconnect bandwidth within a 3-D system as compared to wire bonding, peripheral vertical interconnects, and solder ball arrays.
Inter-plane signaling, however, is only one of the usages of TSVsin 3-D circuits. TSVs are also used to distribute power and ground throughout a 3-D stack. In addition, due to the high thermal conductivity of these interconnects, TSVs can alleviate the thermal problems in 3-D integrated circuits. These links reduce the temperature fluctuations caused by local hot spots within the volume of the 3-D stack. Different models have been presented to describe the thermal conductivity of TSVs. The effect of thermal gradients on the signal integrity of vertical links, however, has not been explored for both the TSVs and the inductive links. Consequently, one of the contributions of this paper is to analyze the behavior of these communication schemes under a variety of thermal profiles that can potentially manifest within the planes of a 3-D circuit due to the expected high power densities. Signal integrity, however, is only one of the metrics used to decide upon the suitability of the inter-plane communication mechanisms. To allow, therefore, a fairer comparison, the pros and cons of the TSVs and the inductive links are discussed. To this end, a succinct overview precedes the research contribution where the primary functions and related challenges of these two approaches are presented. The contributed analysis and comparison adds another useful aspect in characterizing the two types of inter-plane links.
Consequently, the remainder of the paper is organized as follows. In the following section, the manufacturing methods of TSVs and inductive links are reviewed. In Section 3, the multifold role of the TSVs in 3-D ICs is discussed. Design challenges for TSVs and inductive links are discussed in Section 4. In Section 5, the research contribution, which is a performance comparison between TSVs and contactless links under different thermal profiles, is presented. A variety of potential thermal gradients is explored. The major points of the paper are summarized in the last section.
MANUFACTURING PROCESS FOR TSVs AND INDUCTIVE LINKS
Exploiting vertical inter-chip interconnects can improve the performance of the system by decreasing the length of the long interconnects. To increase the signal bandwidth in 3-D systems while saving or, at least, not increasing the power, TSVs should be fabricated to have low impedance characteristics. Manufacturing issues are one of the primary challenges for TSV based 3-D circuits. Fabricating high performance, reliable, and cheap vertical interconnects, which do not affect the neighboring active devices is an important requirement in 3-D systems towards high volume production. 1 TSVs are, usually, manufactured as tapered wires (e.g., copper, tungsten or poly silicon), surrounded by a thin dielectric layer (liner) to insulate the metal from the semiconducting substrate. 6 There are three main approaches for manufacturing TSVs. The "via first" approach where the TSVs are formed before the devices (i.e., front end of the line (FEOL)), the "via-middle" approach where TSVs are fabricated after the transistors but before the backend interconnect (i.e., back end of the line (BEOL)), and the "via last" method where the TSVs are fabricated after or in the middle of the back end interconnect process. 6 In the "via first" technique, the TSVs connect the topmost metal layer of one plane with the first metal layer of another plane. The TSVs presented in Refs. [9, 10] are fabricated with the "via-first" method and have diameters between 12 m to 18 m and the length of 30 m to 50 m where the first one is a poly silicon TSV with a resistance of 1.3 to 5 and the second is a metal TSV with a resistance of 230 m .
In the "via last" approach, the topmost metal layers of adjacent planes are connected together using TSVs. For the "via-last" approach, the TSVs have to be etched through the substrate and the metal layers. Consequently, "vialast" typically requires longer TSVs. This situation can lead to either higher aspect ratio increasing the manufacturing complexity or larger diameter increasing the area overhead of TSVs. As an example consider the process in Ref. [8] , which produces TSVs 150 m long and 5 to 15 m wide with a TSV resistance of 9.4 m to 2.6 m . The "via-first" methods also pose several changes on the front end processing of the wafers. For these reasons, the "via-middle" approach appears (for the time being) as the proper compromise between the TSV size and manufacturing complexity.
The basic steps of a typical "via-middle" TSV fabrication process are shown in Figure 1 . The first step is to process each plane separately with some reserved area for TSVs, afterwards a deep trench is opened through the inter layer dielectric (ILD) and device layers. The depth of this trench is mainly determined by the resulting aspect ratio of the TSV process and the wafer thinning capabilities. The trench sidewall is isolated from the conductive substrate and the opened trench is filled with metal, such as tungsten (W) or copper (Cu) as depicted in Figure 1(b) . Then the metal layers are added to the top of silicon substrate and the wafer is thinned as shown in Figure 1 (c). Before stacking the planes, the wafers are typically thinned to decrease the overall length of the TSVs. An example of via middle TSVs is presented in Ref. [7] where the TSVs are 25 m long and 5 m wide with a resistance of 20 m . A reduced wafer thickness, however, cannot sustain the mechanical stresses incurred during the handling and bonding phases of a 3-D process. An auxiliary wafer called "handle wafer" is attached to the original wafer as shown in Figure 1(d) , thereby, providing the required mechanical durability for the bonding step. The alignment and bonding steps follow as illustrated in Figure 1(e) . Finally, the handle wafer is removed from the thinned wafer. The resulting characteristics of different processes related to each of these approaches are listed in Table I .
Alternatively, inductive links can be fabricated with standard CMOS processes. Inductive links support communication at considerably larger distances. Consequently, there is no need for wafer thinning and using handle wafers. Eliminating these additional steps in the manufacturing process reduces the fabrication cost and can increase the yield for this type of 3-D circuits.
An inductive link consists of two spiral inductors and a current based transceiver. Spiral inductors are placed in the top metal layers and do not occupy the active area of the circuit. As shown in Figure 2 (a), the transmitter converts the input voltage to current pulses, which are coupled through spiral inductors and recovered as voltage pulses at the receiver. There are different parameters that should be considered to design a proper inductive link. The inductor area should be minimized while providing the desired signal to noise ratio regarding the communication distance, signal power, and data rate. 4 The typical size of spiral 27 28 inductors utilized for inductive links is from 100 m × 100 m to 300 m×300 m where the large inductors are used for clock distribution and the smaller inductors are exploited for data communication. 2 4 The coupling coefficient of the link strongly depends on the communication distance. For a distance of 20 m, a well-aligned inductive link can have a coupling coefficient of 0.25. 4 Inductive links have can achieve a data bandwidth that ranges from 1 Gb/s to 8 Gb/s. Designing low power transceiver circuits can make the inductive links a power efficient alternative for inter-plane signaling.
DIFFERENT APPLICATIONS OF TSVs IN 3-D ICs
Through-silicon-vias are one of the main candidates to form the vertical links for 3-D integrated systems. These vertical interconnects provide a high performance, high density path for inter-plane signaling. TSVs also play a vital role for distributing power and ground to those planes that do not support I/O and behave as thermal conduits for all but the plane, which is attached to the heat sink. 8 These functions of the TSVs are discussed in this section.
Each of these TSV usages can require particular and potentially conflicting characteristics for these wires. For signal TSVs, the important parameters are speed and power as discussed in Subsection 3.1, whereas for TSVs used for power distribution the voltage loss along the TSV is emphasized, as described in Subsection 3.2. For thermal TSVs, the superior heat conductivity of the vertical interconnects is discussed and enhanced thermal TSV models are described in Subsection 3.3.
Inter-Plane Signaling
TSVs exhibit quite different physical and electrical characteristics as compared to the horizontal interconnects (BEOL) in 2-D circuits. This situation carries substantial performance benefits, although the complexity of the interconnect analysis and design process increases due to the different characteristics of the vertical links and the constraints that this type of interconnect poses on the physical design process. The heterogeneity of 3-D circuits, the diverse fabrication technologies, and the variety of the bonding style makes TSV modeling more challenging as compared to horizontal interconnects.
To provide high performance vertical links, proper electrical models for signal TSVs are required. To improve the speed of the circuit, low resistive and low capacitive TSVs should be used for signaling to decrease the RC delay of the vertical interconnects. Noise coupling between TSVs and/or the substrate is another important parameter that can affect the signal integrity in 3-D circuits and should be considered in the TSV modeling and design process. To reduce the current leakage to the substrate a thicker sidewall isolation layer (liner) or shorter TSVs can be employed. Increasing the thickness of the liner can result in higher area overhead and/or higher electrical resistance for the TSVs. If shorter TSVs are to be used, producing very thin wafers is the primary challenge. A variety of electrical models for TSVs have recently appeared in literature, relating the physical characteristics of the TSVs as determined by the different manufacturing methods with the electrical properties of these interconnects. [13] [14] [15] A comprehensive RLC model for TSVs describing the high frequency behavior of TSVs is shown in Figure 3 . Due to the geometry and manufacturing methods for the TSVs, the capacitance per unit length is typically higher, while the resistance per unit length is smaller as compared to a horizontal wire. Consequently, due to the significantly shorter length of the TSVs, the RC delay of these wires is low, allowing a significant reduction in the delay of the problematic global wires. The shorter interconnect length in 3-D circuits also results in reduced total capacitance of the interconnects, decreasing the power consumed by interconnects in 3-D circuits.
Another significant element that can affect the interplane signaling performance is the number of TSVs used for this purpose and the allocation of these TSVs within the planes. In present technologies, TSVs are much larger
3. An RLC model of a TSV. 10 than the horizontal interconnects and the silicon area occupied by these interconnects is an important parameter that can affect the overall performance of a 3-D circuit. 16 Increasing the number of TSVs can increase the total area of the 3-D circuits and, hence, the total interconnect length. Alternatively, reducing the number of TSVs diminishes the benefits of vertical integration. Finding the optimal number of TSVs to minimize the total length of interconnect, can significantly improve the speed of a 3-D circuit. Without preserving some active area for TSVs during placement, the available TSVs can be located far from the connected cells causing the total interconnect length to increase as shown in Figure 4 . 17 Several placement methods have been proposed to investigate the optimal number and location for TSVs to increase the speed of 3-D circuits. [16] [17] [18] Noise coupling is an important issue that can degrade the signaling performance in TSV based 3-D circuits despite the short length of these interconnects. Increasing the speed of the link and TSV density increases both the noise coupling between adjacent TSVs (crosstalk) and the noise coupled to the substrate. Shielding the signal TSV with several grounded TSVs is an efficient way to reduce noise coupling in 3-D circuits. 19 Employing guard rings and Deep n-wells (DNW) are common methods to mitigate substrate noise in 2-D circuits, which can be applied also for 3-D circuits. 19 Another efficient approach to alleviate this problem is employing coaxial TSVs. 22 23 These TSVs contain an extra layer of metal and liner surrounding the conventional TSV. Exploiting coaxial TSVs also increases the intrinsic decoupling capacitance. Although coaxial TSVs can potentially alleviate the substrate noise problem in 3-D circuits, the manufacturing implications of these TSVs on the design process of power distribution networks are not clear. Fig. 4 . Different TSV allocations for 3-D circuits where in (a) no active area for TSVs is reserved during placement and in (b) some active area for TSVs is reserved during placement. 13 
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Power and Ground Distribution
Additionally to signaling, TSVs are used to distribute power and ground to all the planes, which are not connected to the package pins. An important parameter to evaluate the quality of a power distribution network is the voltage drop due to the dynamic and leakage power of the circuits. The reduced footprint of a 3-D circuit can result in higher current densities. In addition, the resistive path along the TSVs connecting the package pads with the power grids can also increase the static IR drop observed for specific planes. Using highly capacitive TSVs for power-ground distribution can increase the intrinsic decoupling capacitance, reducing in turn, the required amount of the extrinsic decoupling capacitance.
As discussed in Ref. [25] , a crutial parameter for the IR drop on the top metal layer of each plane is the total area occupied by the TSVs. Assuming a specific area of the circuit is dedicated for power and ground TSVs, using more TSVs with smaller diameter results in lower voltage drop at the load. Simulation results indicate that by slightly increasing the density of the TSVs, a considerable reduction in the intra-plane power distribution resources can be achieved. According to Ref. [25] , for a ten plane 3-D circuit with TSVs with a diameter of 10 m, if the area occupied by TSV increases from 0.4% to 10% of the circuit area, the area required for the power/ground network can be reduced from 40% to 10% of the circuit area achieving the same IR drop.
The low resistance of the TSVs can efficiently be exploited to improve power integrity. For example, the TSVs can be connected to both the topmost and lowest metal layers of the power grid, providing additional current paths, which are shown in Figure 5 . 26 These paths exhibit particularly low impedance characteristics supporting the distribution of large amount of current in the vicinity of a TSV without exceeding the allowed voltage drop. Due to this low impedance path, stacks of common vias within this region are removed decreasing routing congestion without degrading power integrity. This improvement in power integrity can lead to a reduction in the required decoupling capacitance in the vicinity of the TSVs. The decoupling capacitance reduces up to 25% for the case investigated in Ref. [26] .
The TSVs, however, occupy active silicon area and the TSV density cannot be considerably increased. Coaxial TSVs can also be of assistance in this case. A single coaxial TSV can be used to deliver both the power and ground by conducting the power through the inner metal and ground through the outer metal. 27 Merging power and ground TSVs reduces the area required for the power distribution network without increasing the IR drop.
Thermal TSVs
In 3-D integrated circuits, thermal issues are forecast to be a major challenge due to the high power density, the low thermal conductivity along the primary heat transfer path, and the smaller footprint area of the circuit attached to the heat sink. Several techniques have been developed to facilitate the heat transfer within 3-D circuits to reduce the temperature, such as thermal through silicon via (TTSV) planning, thermal wire insertion, liquid cooling, and thermal driven floorplanning. [28] [29] [30] This type of TSVs is utilized to convey heat from the planes located far from the heat sink, such that the temperature limits are obeyed. These TSVs are typically interspersed within the white space that exists among the circuit blocks within each plane, where several techniques can be employed for this purpose. 25 Thermal TSV insertion has been shown to be a useful technique to reduce the local hot spots and decrease the maximum temperature of the circuit.
TTSV placement can significantly affect the thermal behavior of the 3-D circuits. Several methods of thermal via insertion are presented in Refs. [29] [30] [31] , which can drastically reduce the maximum temperature of the 3-D circuit. These methods aim at distributing the thermal vias, such that the area occupied by both the TTSVs and the horizontal interconnects used to connect these TSVs is also reduced.
Improved modeling of the thermal behavior of the TTSVs can decrease the number of TTSVs used to transfer the heat to the ambient with considerable savings in area. 27 Analyzing how the TTSVs affect the developed temperature in 3-D ICs is important for efficient TTSV insertion. The thermal properties of TTSVs, in turn, depend upon several physical and technological parameters.
The traditional approach is to model a TTSV as a vertical lumped thermal resistor in each physical plane, which is proportional to the length and inversely proportional to the diameter of the TTSV. The TTSV is considered as a one-dimensional network implying a flow of heat only in the vertical direction towards the heat sink of the system. This method is insufficient in capturing the thermal behavior of the TTSVs, since the lateral heat transfer through these structures is neglected. Compact thermal models as illustrated in Figure 6 (a) can capture the major heat transfer paths by employing a small resistive network with few resistors. The thermal resistances are described by closed form expressions including the TSV geometry. Since the heat transfer process is highly complex, some fitting parameters are employed to improve the accuracy of this model. A more accurate model for TTSVs is illustrated in Figure 6(b) , where each TSV is modeled as a distributed resistive network eliminating the requirement of curve fitting coefficients. 
DESIGN CHALLENGES FOR TSVs AND INDUCTIVE LINKS
TSV manufacturing is a primary challenge that should be overcome if 3-D ICs are to be produced in high volume. Beyond manufacturing, however, there are several design challenges related to the different roles of TSVs within 3-D circuits. Specific design challenges are also associated with inductive links in contactless 3-D ICs. These challenges are briefly discussed in this section for both TSVs and AC-coupling based 3-D ICs.
TSV Related Design Challenges
A common issue among the different types of TSVs (assuming that some library of TSV cells can exist) is that the TSVs occupy silicon area and can block all of the metal layers. Consequently, the TSVs compete with the devices and the intra-plane wires for silicon and wiring resources, respectively. How to best place the TSVs becomes an important issue with implications to the delay of the inter-plane nets and routing congestion. 16 18 Although, some techniques exist on placing the TSVs, there are still great margins for improvement. For power/ground TSVs several issues also arise. Inserting TSVs within a circuit block has an adverse effect on the area and wirelength of this block and, often, the TSVs are considered to be placed at the periphery of this block. Placing the TSVs at the periphery of the block, however, means that longer current paths are formed. These paths can increase the IR drop on the load affecting power integrity. To address this situation, either the fineness of the power grid or the density of the TSVs can increase to lower the impedance of the paths. 25 30 Several tradeoffs can be explored to determine the proper design that meets the power supply noise constraints, while not sacrificing excessive wiring and silicon resources.
Although power/ground and signal TSVs also behave as thermal conduits, the number as well as the allocation can be insufficient to mitigate thermal issues in 3-D circuits. To this end, thermal TSVs can be efficiently placed across the area of each plane. Many thermal-aware placement techniques have been developed with noteworthy results. 31 As the number of planes forming a 3-D system, however, increases the efficiency of the TTSVs degrades since the thermal paths to the heat sink become longer. The increase in the vertical thermal impedance, in turn, requires an increase in the TTSV density. Alternatively, increasing the TTSV density can adversely affect other important design objectives, such as speed, power, and area. Increasing, therefore, the density of the TTSVs may not be possible, which means that the TTSVs should be treated as an auxiliary means to reduce temperature. 19 Rather careful thermal-aware physical design should first be applied to manage the increased power densities in 3-D circuits.
Considering these challenges, the requirement is to manufacture and design TSVs such that signal, power, and thermal integrity within 3-D ICs is ensured. Addressing each of these objectives separately, which is the usual practice, may not result in the proper use of this expensive resource.
Design Challenges for Inductive Links
One of the main challenges in inductively coupled 3-D circuits is to transfer DC power via inductive links. Since these links use magnetic field to transfer the data, the only approach for transferring supply power is to convert the DC power to an AC signal, couple the AC signal through the inductive link, and rectify this signal to DC at the receiver side. Some transceiver circuits have been proposed for this purpose. In Ref. [20] , a ring oscillator is used at the transmitter side to convert the DC power to an RF signal where in Ref. [21] an H-bridge transmitter is employed. Rectifiers are exploited to convert back the transmitted RF signal to the DC power. The efficiency of this links is dependent to the distance between the planes and typically is lower than galvanic connections due to the limited efficiency of the transceiver circuits. As shown in Ref. [21] , to transfer 36 mW of DC power between two planes with a distance of 15 m, a large inductor of 700 m×100 m is employed where the efficiency of the power delivery is only 10%.
The quality of the magnetic coupling can also be affected by misalignment and interference. Although misalignments between the horizontal locations of the inductors in adjacent planes can affect the coupling coefficient, the effect is weaker as compared to TSVs where misalignments can result in defective and/or failed links. [32] [33] [34] This situation means that greater alignment margins can be supported by the inductive link, which facilitates manufacturing. Alternatively, design implications are raised for these links since larger interference or weaker coupling among the inductor is possible. These implications should, therefore, be considered in the design of these links.
THERMAL-AWARE SIGNAL INTEGRITY ANALYSIS FOR INDUCTIVE LINKS AND TSV STACKS
Thermal issues are one of the most important concerns in 3-D circuits, which can degrade the performance of the system. High circuit densities and the slow heat removal increase the vulnerability of 3-D ICs to thermal problems. Previous works, however, consider only the reliability of the circuit or, in other words, the goal is to avoid the thermal runaway of the circuit. Several techniques also target to prevent from hotspots that can accelerate the failure and/or aging mechanisms of a 3-D system. Care, however, has not been placed on the effect that thermal issues can have on signal integrity among planes. This effect of thermal gradients on the quality of inter-plane communication is investigated in this section. Note that although these thermal gradients can obey, for example, the reliability constraints of a 3-D system, the gradients can still affect signal integrity as shown in this section. The effect of thermal gradients for both the TSVs and inductive links is explored. Intuitively, thermal issues can be more pronounced in contactless links, since the TSVs support faster heat conduction. Furthermore, due to the large size of the contactless links as compared to TSVs, horizontal thermal gradients also affect the performance of these links, while in TSVs the vertical gradients dominate the thermal behavior of these interconnects. Since the resistance of the metals is a function of temperature, thermal gradients can change the resistance of the links, which affects the signal integrity. Thermal gradients are assumed to affect only the resistance of the via and the on-chip inductor and the thermal dependency of the resistance of the silicon substrate is ignored for simplicity. Characterizing the TSVs and inductive links at high frequencies and considering the temperature dependency of the TSV impedance characteristics is a challenging task. Due to lack of experimental data or analytic models on the other parameters of the links, the capacitance and inductance are also treated as being independent of the temperature.
In all data communication processes, a certain amount of power is lost during data transformation, which degrades signal integrity. The parameter S 21 is, typically, utilized to evaluate this power loss. S 21 is one of the scattering parameters, used to describe linear networks. For a two-port network, S 21 is determined as the output to input voltage ratio. This parameter has been utilized as a metric to evaluate signal integrity of different communication methods.
To investigate the effect of thermal gradients on the resistance of the inductor, a standard structure of an inductive link is investigated. Several equivalent circuits for spiral inductors have been proposed. [34] [35] [36] The equivalent circuit considered in this paper is depicted in Figure 2(b) . The scattering parameter of this model can be described by
The effects of temperature variation on S 21 can be determined by
where S 21 changes with temperature since the resistance of the link is temperature dependent. The electrical resistance of a metal is typically approximated as a linear function of temperature, which is sufficiently accurate for the operating temperature range of integrated circuits. To analyze non-uniform temperature profiles, however, lumped models of resistance as shown in Figure 2 (b) are inefficient. Consequently, the total resistance of the metal is described by
where 0 and 0 are the resistivity and temperature coefficients, respectively, of the material used for the inductor or the TSV (e.g., copper) at a reference temperature. The cross-sectional area is denoted as A and the integration is performed along the length of the metal.
Case Study
To describe the temperature variation effects on the inductive link, a pair of copper spiral inductors is employed. The coupling coefficient (k , which is assumed to be independent of temperature, is equal to 0.25. The number of turns is three where the width of each turn is 800 nm, the spacing between the turns is 4 m, and the outer diameter of the inductor is 300 m. This link is suitable for propagating the clock signal between two planes. 4 A stack of three TSVs is used as a test structure to investigate the effect of temperature on signal integrity for signal TSVs. The RLC model introduced in Ref. [13] and shown in Figure 3 is used for a common TSV. In this model the capacitive coupling of the TSVs is modeled by C ox_via , C ox , C sil which indicate, respectively, the capacitance of the thin oxide layer surrounding the via, the capacitance due to the oxide layer (the liner) on the silicon layer, and the capacitance of the silicon substrate. L via is the inductive component of the TSV which is determined by L via = L via0 / 1 + log f /108 0 26 ] where L via0 is the inductance of the via at 0.1 GHz. The resistance of the via and silicon substrate is denoted by R via and R sil where R via = R via0 1 + f /108 0 5 and R via0 is the resistance of the via at 0.1 GHz. The diameter of the TSVs is swept from 5 m to 55 m to support different types of TSVs. The length of TSVs is determined to support the proper aspect ratio for TSV diameter (i.e., an aspect ratio of 5 for thin TSVs and lower aspect ratio for thick TSVs). The extracted parameters are C ox_via = 910 fF, C sil = 9 fF, C ox = 3 fF, G sil = 1 69 m/ . 13 The L via0 and R via0 for different TSV are determined after 15 and are listed in Table II . Different temperature profiles can be considered for an integrated circuit due to different locations of local hot spots. 37 Three temperature profiles are used to model the thermal variations within an AC-coupled 3-D circuit. These profiles include a linear change in temperature in the x-direction, a hot spot developed at the lower left corner of the inductor, and another hot spot is assumed to be developed at the center of the inductor. The temperature profiles are, respectively, described by
Similar profiles are considered for the TSV stack that can cause the same temperature gradient in the z-direction as shown in Figure 7 .
Two temperature ranges are assumed, each corresponding to a low-power (LP) and high-performance (HP) 3-D circuit. As shown in Ref. [38] , local hot spots with temperature up to 110 C and temperature gradient of 25 C can be generated in high performance 3-D circuits. Consequently a temperature range of 85 C to 110 C is considered to simulate the high performance scenario. For the low power scenario the same temperature gradient is considered. Since the absolute temperature for low power circuits is lower than high performance circuits, the local hot spots are assumed to have a maximum temperature of 60 C and the temperature reduces to 27 C at the cool regions of the circuit.
The TSV stack and the inductor pair are simulated using Cadence Spectre and the amplitude of S 21 for these profiles is depicted in Figure 8 . Increasing the temperature leads to higher metal resistance and higher power loss which reduces S 21 . This degradation is more pronounced for the low power scenario since in the high performance scenario, the absolute temperature is higher and the effect of temperature gradient is less prominent.
As depicted in Figure 8 (a), for inductive links in the low-power (LP) scenario, a 60 C hot spot in the corner of the inductor decreases S 21 by 14% as compared to a uniform temperature of 27 C. A hot spot at the center of the inductor causes a 7.8% decrease in S 21 . Considering the case of a high-performance (HP) circuit with a hot spot of 110 C to describe the corner of the inductor, S 21 is reduced by 9% in comparison to a uniform temperature of 85 C. The corresponding decrease for a central hot spot and a linear profile is equal to 7% and 7.2%, respectively. S 21 of the TSV stack for different diameters at the frequency of 1GHz is shown in Figure 8(b) . Reducing the diameter of the TSV increases the resistance of the TSV which, in turn, decreases S 21 . Consequently the highest performance degradation is seen for the smaller diameters. The S 21 parameter for TSV with a diameter of 5 m is plotted in Figure 8 (c) for different temperature profiles. The largest reduction in S 21 is caused by the hot spot in the centre of the stack. In the low power scenario S 21 decreases by 0.65% compared to a uniform temperature of 27 C and in the high performance scenario this reduction is 0.52%.
Not surprisingly, the effect of gradient effects is much more evident for inductive links rather than TSVs. Due to the short length of TSVs, the change in the resistance of the vias as a result of temperature degradation is negligible. Furthermore, the power loss caused by the resistive voltage drop on the inductor turns is considerably higher for inductive links as compared to TSVs. Consequently, the resistance variation affects the performance of the inductive links more than a TSV stack. Simulation results confirm that TSVs are robust to thermal gradient effects. The same temperature variation that can decrease the S 21 of the inductive link by 14% has no noticeable effect (<1%) on the frequency characteristics of the TSV stack for a large range of the physical characteristics of these interconnects.
SUMMARY
This paper provides an overview of the different roles of TSVs where these wires constitute a precious interconnect resource for 3-D circuits. The different manufacturing and design objectives for signal, power/ground, and thermal TSVs are, respectively, discussed. The propagation delay for signal TSVs, IR drop for power/ground TSVs, and the thermal conductivity for TTSVs pose different design requirements for each TSV usage. The effect of the thermal gradients on the behavior of signal TSVs is investigated and compared to inductive links. Simulation results indicate that the TSVs are not susceptible to the temperature variations due to the short length, and low resistance as compared to typical horizontal interconnects. Alternatively, for inductive links, the large area of the inductors and lack of proper heat conductors between the planes make these links more vulnerable to thermal gradients.
